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HIGHLIGHTS 


►  Nitrogen-doped  carbon  nanomaterials  were  synthesized  from  polyaniline  salts. 

►  Electrocatalytic  activity  toward  ORR  in  alkaline  solution  was  examined. 

►  Electrochemical  data  were  correlated  to  the  structural  and  textural  data. 

►  Excellent  electrocatalytic  activity  was  found  for  carbonized  PANI  5-sulfosalicylate. 

►  Electrocatalytic  activity  was  correlated  to  electrical  double  layer  capacity. 
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Nitrogen-doped  carbon  nanomaterials  were  synthesized  by  the  carbonization  of  three  different 
nanostructured  polyaniline  (PANI)  salt  precursors:  PANI  3,5-dinitrosalicylate  nanorods,  PANI 
5-sulfosalicylate  nanorods/nanotubes,  and  PANI  hydrogen  sulfate  nanorods/nanotubes/nanosheets.  A 
comparative  study  of  the  electrocatalytic  activity  of  these  materials  for  oxygen  reduction  reaction  (ORR) 
in  alkaline  solution  was  performed  by  using  rotating  disk  electrode  voltammetry.  The  electrochemical 
data  were  correlated  to  the  structural  and  textural  data  obtained  by  Raman  spectroscopy,  X-ray 
diffractometry,  X-ray  photoelectron  spectroscopy,  elemental  analysis  and  nitrogen  sorption  analysis.  A 
fine  interplay  of  textural  characteristics,  overall  content  of  surface  nitrogen  and  content  of  specific 
surface  nitrogen  functional  groups  were  found  to  be  responsible  for  a  considerable  variations  in 
electrocatalytic  properties  toward  ORR,  involving  variations  in  apparent  number  of  electrons  exchanged 
per  O2  molecule  (from  2  to  nearly  4)  and  variations  in  onset  potential.  The  catalyst  loading  was  found  to 
influence  remarkably  the  ORR  kinetics.  The  excellent  electrocatalytic  activity  was  found  for  carbonized 
PANI  5-sulfosalicylate.  Namely,  it  exhibited  the  most  positive  onset  potential  amounting  to  -0.05  V  vs. 
SCE  at  a  catalyst  loading  of  500  pg  cm~2.  The  interrelation  between  the  electrocatalytic  activity  and  the 
electrical  double  layer  charging/discharging  characteristics  of  the  investigated  N-doped  nanocarbon 
materials  was  revealed. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

High  efficiency  and  environmental  friendliness  of  low- 
temperature  fuel  cells  as  a  promising  power  source  for  various 
applications  have  stimulated  extensive  research  in  recent  years 
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[1,2],  High  cost  and  scarcity  of  platinum,  used  in  both  cathode  and 
anode  catalyst  layer,  and  limited  durability  of  electrode  materials 
limit  a  commercial  application  of  fuel  cells.  Therefore,  research  was 
recently  focused  on  the  reduction  of  the  use  of  platinum,  up  to  its 
full  substitution  by  nonprecious  catalysts.  Among  various  electro¬ 
catalysts,  either  metal-doped  or  pure  nitrogen-containing  carbon 
nanostructures  (NCNS),  were  investigated  as  a  suitable  alternative 
[3,4],  Numerous  research  groups  reported  recently  a  high  electro¬ 
activity  of  N-containing  carbon-based  catalysts  toward  oxygen 
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reduction  reaction  (ORR)  [4—11  ].  Some  of  the  authors  stressed  that 
the  presence  of  metals  during  the  preparation  of  the  catalysts  plays 
an  important  role  in  the  electrocatalytic  activity  [5,6].  Other  studies 
suggested  that  pyridinic  nitrogen  acts  as  the  major  active  site  for 
ORR  [7—9],  Nonetheless,  the  nature  of  the  active  sites  for  oxygen 
reduction  in  catalysts  based  on  N-containing  carbon  materials 
remained  still  disputable  [12—21],  Besides  fuel  cell  application,  the 
use  of  N-containing  carbon  materials  as  cathode  materials  in  metal¬ 
air  batteries  presents  nowadays  an  attractive  field  of  research 
[22-24], 

Commonly  reported  procedures  for  NCNS  synthesis,  such  as 
post  synthesis  modification  of  carbon  nanostructures  with 
nitrogen-containing  organic  molecules  [25-27]  or  laser  ablation 
[28,29]  and  arc  discharge  [30,31]  of  graphite  in  the  presence  of 
a  nitrogen  source,  usually  require  sophisticated  equipment  which  is 
not  suitable  for  large-scale  production.  On  the  other  hand,  NCNS 
can  be  easily  prepared  by  a  pyrolysis  of  N-containing  organome- 
tallic  macromolecules  [6,9,32—36]  or  nitrogen-containing  organic 
molecules  [22,34,37-40],  Carbonization  of  nitrogen-containing 
aromatic  polymer  nanomaterials  such  as  PANI  nanostructures 
(which  may  simply  be  prepared  under  moderate  and  well 
controlled  conditions  by  using  both  template-based  and  template- 
free  methods  [41]),  was  reported  to  be  a  proper  way  to  prepare 
NCNS  retaining  the  morphology  of  the  nanostructured  precursor 
[10,42—45],  It  has  recently  been  suggested  [46]  that  the  type  of 
nanostructured  PANI  salt  precursors  used  for  preparation  of  NCNS 
determines  special  chemical,  physical  and  textural  properties  of  the 
obtained  nanomaterials  and,  consequently,  their  performance  in 
various  applications,  such  as  charge  storage  and  electrocatalysis.  It 
was  also  proposed  that  highly  active  catalysts  could  be  obtained 
from  structurally/morphologically  optimized  polymer  precursors 
[46],  However,  any  systematic  study  in  that  sense  did  not  appear  in 
the  literature  until  now. 

The  purpose  of  the  present  study  was  to  compare  the  electro- 
catalytic  activities  of  different  carbonized  PANI  nanostructures 
toward  ORR  in  alkaline  media.  Carbonized  PANI  hydrogen  sulfate 
(C-PAN1)  nanorods/nanotubes/nanosheets  [42,44],  carbonized  PANI 
5-sulfosalicylate  (C-PANI.SSA)  nanorods/nanotubes  [10],  and 
carbonized  PANI  3,5-dinitrosalicylate  (C-PANI.DNSA)  nanorods  [45] 
were  selected  because  they  are  expected  to  provide  similar 
molecular  structure  and  morphology,  and,  at  the  same  time,  crucial 
differences  in  textural  properties,  surface  nitrogen  and  carbon 
concentration.  The  question  of  how  diverse  pore  structures  and 
nitrogen  surface  functional  groups  of  similar  N-containing  carbon 
nanomaterials  influence  their  different  activity  toward  ORR  is 
addressed  for  the  first  time  in  detail. 

2.  Experimental 

2.1.  Materials 

Aniline  (p.a.,  Centrohem,  Serbia)  was  distilled  under  reduced 
pressure  and  stored  under  argon  prior  to  use,  in  order  to  remove 
the  impurities  (e.g.  aniline  dimers,  formed  by  aerial  oxidation 
during  prolonged  storage  of  commercially  available  aniline)  which 
may  significantly  influence  the  course  of  aniline  oxidative  poly¬ 
merization  [41  ]. 

Ammonium  peroxydisulfate  (APS),  5-sulfosalicylic  acid  (SSA) 
dihydrate  and  3,5-dinitrosalicylic  acid  (DNSA)  of  analytical  grade 
were  used  as  received  from  Centrohem  (Serbia). 

N-containing  nanostructured  carbon  materials,  C-PANI,  C-PAN¬ 
I.SSA  and  C-PANI.DNSA,  were  prepared  via  the  gram-scale  syntheses 
of  PANI  precursors  and  subsequent  carbonization  [10,42,45], 
Nanostructured  PANI  precursors  were  synthesized  by  the  template- 
free  oxidative  polymerization  of  aniline  with  ammonium 


peroxydisulfate  (APS)  as  an  oxidant  in  three  different  media:  1.  in 
water,  without  added  acid  (nanoPANl),  2.  in  the  aqueous  solution  of 
SSA  (nanoPANI-SSA),  and  3.  in  the  aqueous  solution  of  DNSA 
(nanoPANI-DNSA).  The  nanoPANl  precursor,  containing  hydrogen 
sulfate  anions  as  prevalent  counter-ions,  was  prepared  according  to 
the  recently  reported  procedure  [11,42]:  the  aqueous  solutions  of 
aniline  (18.6  g,  500  ml)  and  oxidant  APS  (57.05  g,  500  ml)  were 
mixed  to  start  the  oxidation,  and  the  reaction  mixture  was  stirred 
for  2  h.  The  precipitated  nanoPANl  was  collected  on  a  filter,  rinsed 
with  5  x  10' 3  M  sulfuric  acid  and  dried  in  vacuum.  The  nano- 
PAN1.SSA  precursor  was  prepared  by  the  modified  procedure  [10]  of 
Janosevic  et  al.  [47]:  12.26  g  of  aniline  was  dissolved  in  1140  ml  of 
aqueous  solution  containing  8.39  g  SSA  and  the  solution  was  heated 
to  boiling,  cooled  to  room  temperature,  then  the  aqueous  solutions 
of  monomer  and  oxidant  APS  (30.12  g,  600  ml)  were  mixed  to  start 
the  oxidation,  and  the  reaction  mixture  was  stirred  for  24  h.  The 
precipitated  nanoPANI.SSA  was  collected  on  a  filter,  rinsed  with 
5  x  10-3  M  SSA  and  dried  in  vacuum.  The  modification  enabled 
a  rapid  synthesis  of  larger  quantities  of  the  sample  needed  for  its 
detailed  characterization  performed  in  this  study.  The  modified 
procedure  [45]  of  Janosevic  et  al.  [48]  was  applied  for  the  synthesis 
of  nanoPANI.DNSA  precursor:  2.45  g  of  aniline  was  dissolved  in 
1140  ml  of  aqueous  solution  containing  3.01  g  of  DNSA  and  the 
solution  was  heated  to  boiling,  cooled  to  room  temperature,  and 
then  the  aqueous  solutions  of  monomer  and  oxidant  APS  (7.53  g, 
60  ml)  were  mixed  to  start  the  oxidation,  and  the  reaction  mixture 
was  stirred  for  24  h.  The  precipitated  nanoPANI-DNSA  was  collected 
on  a  filter,  rinsed  with  1.6  x  10-2  M  DNSA  and  dried  in  vacuum.  All 
syntheses  of  PANIs  were  performed  at  room  temperature.  The 
precursors  nanoPANl,  nanoPANI.SSA  and  nanoPANI.DNSA  were  then 
carbonized  by  means  of  gradual  heating  in  a  nitrogen  atmosphere 
up  to  800  °C  at  a  heating  rate  of  10  °C  min  1  to  obtain  C-PANI,  C- 
PANI.SSA  and  C-PANI.DNSA,  respectively.  A  Carbolite  CTF 12/75/700 
tube  furnace  with  temperature  regulation  by  Eurotherm  815P  Prog/ 
Controller  was  used  for  the  carbonization. 

2.2.  Characterization:  morphology,  elemental  composition, 
structure  and  conductivity 

A  scanning  electron  microscope  (SEM)  JEOL  JSM  6610  LV  was 
used  to  characterize  the  morphology  of  the  samples.  Powdered 
materials  were  deposited  on  adhesive  tape  fixed  to  specimen  tabs 
and  then  ion-sputter-coated  with  gold  using  a  BAL-TEC  SCD  005 
Sputter  Coater  prior  to  SEM  measurements. 

Elemental  analysis  (C,  H,  N,  and  S)  was  carried  out  by  the 
Elemental  Analyzer  Vario  EL  III  (Elementar).  The  content  of  oxygen 
was  determined  by  difference. 

XPS  spectra  were  recorded  on  a  Kratos  Axis  Ultra  DLD  (Kratos 
Analytical,  Manchester  U.K.),  using  monochromatic  Al  Ka  X-rays 
(1486.69  eV)  with  X-ray  power  of  150  W.  Survey  spectra  were 
collected  with  160  eV  pass  energy,  whilst  core-level  scans  were 
collected  with  pass  energy  of  20  eV.  The  base  pressure  in  the 
system  was  2  x  10-9  Torr.  The  analysis  area  for  the  data  collection 
using  the  hybrid  electrostatic  and  magnetic  lens  system  and  the  slot 
aperture  is  approximately  300  x  700  mm.  Data  analysis  was  per¬ 
formed  using  CasaXPS  using  Kratos’  relative  sensitivity  factors. 
Core-level  scans  were  calibrated  based  on  a  peak  fit  to  the  Cls  scan, 
with  the  component  due  to  aromatic  carbon  set  to  284.7  eV.  Shirley 
backgrounds  were  used  throughout.  Gaussian— Lorentzian  product 
lineshapes  were  used  with  30%  Lorentzian  weighting. 

Raman  spectra  were  collected  on  a  Thermo  Scientific  DXR 
Raman  microscope,  equipped  with  an  Olympus  optical  microscope 
and  a  CCD  detector.  A  diode-pumped  solid-state  laser  with  excita¬ 
tion  wavelength  of  532  nm  was  used.  Raman  spectra  were  fitted 
within  900  and  1840  cm-1  using  two  Gaussian  components  for  G 


V.  Gavrilov  et  al.  /  Journal  of  Power  Sources  220  (2012)  306—316 


and  D  band.  The  results  of  the  fit  were  numerically  integrated  to 
obtain  the  area  of  both  G  and  D  bands. 

The  X-ray  powder  diffraction  measurements  were  performed  on 
a  Philips  1050  X-ray  powder  diffractometer  using  Ni-filtered  Cu  Ka 
radiation  and  Bragg— Brentano  focusing  geometry.  The  patterns 
were  collected  in  26  range  from  5°  to  65°  with  the  step  of  0.05°  and 
exposure  time  of  10  s  per  step. 

The  electrical  conductivity  was  measured  at  room  temperature 
by  means  of  an  ac  bridge  Waynne  Kerr  Universal  Bridge  B  224, 
operating  at  fixed  frequency  of  1.0  kHz.  During  the  measurement 
powders  were  compressed  between  stainless  pistons,  within  an 
insulating  hard-plastic  tube,  at  the  constant  pressure  of  124  MPa. 

2.3.  Determination  of  textural  parameters:  Afe  sorption 

Nitrogen  adsorption— desorption  isotherms  obtained  at  77  K 
were  used  to  estimate  textural  properties  of  carbonized  PANI 
samples.  Micropore  volume  (pores  with  diameter  <  2  nm,  Vmic)  was 
estimated  using  the  Dubinin-Raduskevich  method  [49],  while 
micropore  surface  (Smic)  was  obtained  using  Kaganer’s  modification 
of  Dubinin’s  theory  [49],  Mesopore  (2  nm  <  diameter  <  50  nm) 
volumes  (Vmeso)  and  mesopore  surfaces  (Smeso)  were  estimated 
according  to  the  Dollimore  and  Heal  method  as  described  in  [46], 
Estimate  of  real  specific  surface  areas  (Stot)  of  studied  samples  were 
then  obtained  as  the  sum  of  SmiC  and  SmeSo-  Since  all  three  studied 
carbonized  PANIs  are  dominantly  microporous  materials  [46],  and 
the  BET  method  is  not  best  suited  to  estimate  the  specific  surface 
area  of  such  materials  [49],  the  values  of  Stot  obtained  in  this  way 
are  considered  to  be  more  reliable  than  the  specific  surface  area 
values  obtained  using  BET  method  (Sbet).  The  values  of  Sbet  are  also 
enclosed  for  comparison. 

2.4.  Electrochemical  measurements 

The  surface  of  a  glassy  carbon  (GC)  rotating  disc  (0.196  cm2)  was 
used  to  support  the  catalyst.  The  GC  disc  was  polished  to  a  mirror 
finish  with  an  alumina  suspension  before  each  experiment.  The 
catalyst  ink  was  prepared  by  dispersing  desirable  amount  of  PANI- 
derived  N-doped  carbon  nanomaterials  in  ethanol/water  mixture 
(40  v/v%).  After  homogenization  in  an  ultrasonic  bath  for  30  min, 
10  pi  of  the  catalyst  ink  was  transferred  onto  the  GC  surface, 
covered  with  10  pi  of  0.05  wt%  Nafion,  and  dried.  Depending  on  the 
amount  of  dispersed  nanocarbon,  anticipated  catalyst  loadings 
were  250  and  500  pg  cm-2.  The  solvent  was  then  removed  by 
evaporation  in  an  argon  stream.  For  electrochemical  investigations, 
a  conventional,  three-electrode  cell  was  used.  A  wide  Pt  foil  served 
as  a  counter  electrode  and  a  saturated  calomel  electrode  (SCE) 
served  as  a  reference  electrode.  A  Gamry  PCI4/750  Potentiostat/ 
Galvanostat  equipped  with  a  Pine  rotator  was  used  for  voltam- 
metric  investigations.  The  electrolyte  solutions,  0.1  mol  dm-3  I<OH, 
were  saturated  by  either  nitrogen  or  oxygen  gas  of  high  purity 
(99.999  vol.%).  During  the  measurements,  a  gentle  gas  flow  was 
introduced  just  beneath  the  electrolyte  surface.  The  ORR  was 
investigated  using  a  rotating  disk  electrode  (RDE),  at  the  rotation 
rates  between  300  and  3600  rpm.  The  potential  was  swept  within 
the  limits  +0.27  to  -0.97  V  vs.  SCE  at  20mVs_1,  unless  specified 
otherwise.  Current  densities  are  evaluated  with  respect  to 
geometrical  cross  section  area  of  supporting  GC  disk. 

3.  Results  and  discussion 

3.1.  Morphology  and  electrical  conductivity  of  the  samples 

The  SEM  pictures  of  all  PANI  salt  precursors  before  and  after 
carbonization  indicate  that  the  carbonization  caused  almost 


negligible  changes  in  morphology  [10,42,45],  The  morphology  of 
carbonized  PANI  samples  obtained  from  various  precursors  (Fig.  1.) 
shows  a  substantial  degree  of  similarity,  with  nanocylinders 
(nanorods/nanotubes)  as  a  dominant  particle  form  [10,42,45]. 
However,  certain  differences  in  their  morphologies  should  be 
pointed  out.  Namely,  C-PANI.SSA  shows  the  most  homogenous 
morphology  with  elongated  nanocylinders  and  only  a  few  shorter 
and  agglomerated  nanocylinders  (Fig.  1A),  C-PANI  shows  only 
shorter  agglomerated  nanocylinders,  frequently  deposited  on 
nanosheets  (Fig.  IB),  while  C-PAN1.DNSA  has  a  form  of  shorter  and 
elongated  nanorods  (Fig.  1C)  [45,46],  The  diameter  of  nanorods 
decreases  in  the  order  dc-pANi.ssA  (85—220  nm)  >  cIc-pani.dnsa 


Fig.  1.  SEM  images  of  (A)  C-PANI.SSA,  (B)  C-PANI  and  (C)  C-PANI.DNSA  (white  bar 
length  0.5  pm;  magnification  x  50,000). 
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(50—150  nm)  >  (1c-pani  (35—75  nm).  Our  previously  published  TEM 
measurements  [46]  revealed  that  C-PANI.SSA  and  C-PANI  contain 
a  fraction  of  nanotubes  (hollow  nanocylinders)  besides  prevalent 
nanorods,  while  C-PANI.DNSA  contains  only  nanorods.  Nanotubes 
have  an  outer  diameter  95—250  nm  for  C-nanoPANI-SSA  and 
~  100  nm  for  C-nanoPANI,  while  the  diameter  of  their  inner  hollow 
channels  amounts  to  10—50  nm  for  C-nanoPANI-SSA  and  ~40  nm 
for  C-nanoPANI.  Granular  fraction  is  also  present  in  all  samples. 

In  addition  to  the  differences  in  morphology,  electrical 
conductivities  of  investigated  carbon  nanomaterials  also  differ:  C- 
PAN1.SSA  has  significantly  higher  conductivity  (0.85  S  cm-1) 
compared  to  other  two  samples  (0.35  and  0.32  S  cm-1  for  C-PAN¬ 
I.DNSA  and  C-PANI,  respectively)  [46], 

3.2.  XRD  analysis 

XRD  patterns  of  investigated  samples  (Fig.  2)  indicate  quite 
similar  phase  composition.  Two  broad  maxima  evidenced  in  all 
diffractograms,  centered  around  28  values  of  24°  and  44°,  are 
attributed  to  the  reflections  of  graphitic  planes  (002)  and  (101), 
respectively  [50],  The  most  important  common  feature  of  XRD 
patterns  is  the  presence  of  broad  maximum  at  24°  which  signifies 
the  domination  of  disordered  carbon  phase  in  all  studied  carbon¬ 
ized  nanostructured  PANI  samples,  while  the  weak  wide  maximum 
at  44°  suggests  the  existence  of  graphitic  layers  which  have  small 
sizes  and  low  three-dimensional  order  [51].  Only  the  XRD  pattern 
of  C-PANI.DNSA  exhibits  weak  narrow  peaks  at  ~44°  and  ~50° 
which  can  be  explained  by  the  presence  of  a  low  amount  of  crys¬ 
talline  graphitic  phase. 

3.3.  Raman  spectra 

Raman  spectroscopy  revealed  that  the  molecular  structures  of 
all  carbonized  nanostructured  PANI  salts,  similarly  to  their  crys¬ 
talline/amorphous  phase  compositions,  are  only  slightly  different. 
The  Raman  spectra  of  the  investigated  samples  (Fig.  3)  display 
characteristic  features  of  carbonaceous  materials  [52],  with  two 
broad  maxima  centered  around  1350  cm-1  and  1590  cm-1.  The 
peak  at  a  lower  wavenumber,  usually  referred  to  as  the  disorder- 
induced  D-band,  is  due  to  the  breathing  vibrations  of  sp2  sites  in 
sixfold  aromatic  rings  and  it  is  commonly  associated  with  structural 
defects  and  reduction  in  symmetry  due  to  the  incorporation  of 
hetero-atoms  inside  the  graphitic  lattice.  The  second  band  at  higher 
energy,  the  graphitic  G-band,  is  attributed  to  the  stretching 
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Fig.  3.  Raman  spectra  of  C-PANI.SSA,  C-PANI  and  C-PANI.DNSA. 

vibration  of  any  pair  of  sp2  sites  inside  the  graphitic  pattern.  The 
ratio  between  D  and  G  bands  intensities  (Id/Ig)  can  be  used  to  assess 
the  degree  of  structural  defects  present  in  carbonaceous  material. 
The  /D//G  ratios  for  C-PANI,  C-PANI.DNSA  and  C-PANI.SSA,  deter¬ 
mined  using  integrated  peak  areas,  are  found  to  be  3.48,  3.68  and 
3.56,  respectively.  These  Raman  spectral  data  indicate  both  the  low 
increase  of  graphitic  lattice  defects  in  the  order  C-PANI  <  C-PAN¬ 
I.SSA  <  C-PANI.DNSA  and  the  significant  disorder  in  all  samples  due 
to  the  extensive  nitrogen  and  oxygen  incorporation  in  the  carbon 
sp2  network,  known  to  be  beneficial  for  ORR  [53,54], 

3.4.  XPS  analysis 

The  significance  of  surface  N-containing  functional  groups  for 
efficient  ORR  electrocatalysis  by  N-doped  carbon  materials  has  been 
demonstrated  by  many  research  groups  [54-57],  However,  the 
unambiguous  answer  to  the  question  about  the  role  and  signifi¬ 
cance  of  various  surface  nitrogen  functional  groups  in  ORR  catalysis 
is  still  missing  [12—21],  Therefore,  C-PANI,  C-PANI.SSA,  and  C- 
PANI.DNSA  with  empirical  formulas  C30H10N3O4,  C67H18N705,  and 
C64H21N7O7,  respectively,  as  determined  by  elemental  analysis 
(Table  1)  [10,44,45],  were  examined  by  XPS  (see  Supporting 
Information,  Fig.  SI  for  complete  XPS  spectra)  in  order  to  deter¬ 
mine  surface  functional  groups  and  the  surface  atomic  concentra¬ 
tion  (Table  1).  Both  the  surface  nitrogen  and  carbon  contents 
increase  in  the  order  C-PANI.DNSA  <  C-PANI  <  C-PANI.SSA,  while 
the  surface  oxygen  content  decreases  in  the  same  order  (Table  1 ). 

Taking  into  account  the  fact  that  XPS  determines  the  surface 
elemental  composition  while  elemental  analysis  determines  the 
bulk  elemental  composition,  results  of  elemental  analysis 
[10,44,45]  and  XPS  (Table  1)  indicate  heterogeneous  molecular 
structures  of  prepared  carbonized  PANI  samples,  which  generally 
have  significantly  higher  surface  carbon  content  (at.%)  than  the  bulk 
carbon  content  (at.%)  due  to  the  much  more  efficient  carbonization 
of  the  shell  of  PANI  nanostructures  than  of  their  interior  parts. 

Several  surface  carbon  and  nitrogen  groups  are  identified  by 
deconvolution  of  their  respective  Cls  and  Nls  XPS  signals  (Fig.  4). 
Asymmetry  in  the  Cls  peak  and  its  shift  to  higher  binding  energies 
[38,53],  compared  to  sp2  hybridized  graphitic  carbon,  corresponds 
to  the  already  confirmed  nitrogen  incorporation.  To  achieve 
adequate  deconvolution,  the  Cls  peak  was  broken  down  into  five 
components.  The  first  peak,  located  at  284.7  eV,  is  usually  attributed 
to  sp2  hybridized  carbon  [53].  The  peaks  centered  around  285.8  eV 
and  287.0  eV  are  interpreted  as  the  sp2  and  sp3  hybridized  carbon 
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Table  1 

The  elemental  composition  of  C-PANI.SSA,  C-PANI  and  C-PANI.DNSA,  determined  by  the  XPS  analysis  and  the  elemental  microanalysis. 

C-PANI.SSA  C-PANI  C-PANI.DNSA 

XPS  [46],  at.%  Elemental  analysis,  at.%  XPS  [46],  at.%  Elemental  analysis,  at.%  XPS  [46],  at.%  Elemental  analysis,  a! .% 

Carbon  ill  847  879  804  876  817 

Nitrogen  7.0  9.0  5.8  8.2  5.5  9.0 

Oxygen  4.6  6.3  6.3  11.4  7.0  9.3 


bonded  to  sp2  and  sp3  hybridized  nitrogen,  respectively  [56].  The 
peak  centered  at  288.4  eV  is  attributed  to  carbon  of  carboxyl  or  ester 
groups,  while  the  peak  at  289.9  eV  corresponds  to  carbon  of 
carbonate  groups  and/or  adsorbed  CO  and  CO2  [58],  Binding  ener¬ 
gies  around  398.3  eV,  400.7  eV,  and  between  402.6  and  404.4  eV  of 
the  peaks  obtained  by  the  deconvolution  of  Nls  signal,  are  identi¬ 
fied  as  pyridinic  nitrogen  (N-6),  quaternary  nitrogen  (N-Q),  and  N- 
oxide  nitrogen  (N+-0_),  respectively  [46],  Additionally,  the  peaks 
at  396.5  eV  and  399.7  eV  are  assigned  to  tetrahedral  sp3  nitrogen 
bonded  to  sp3  carbon  (N-l )  [59]  and  pyrrolic  nitrogen  (N-5)  [60,61  ], 
respectively.  Based  on  the  contribution  of  individual  nitrogen  and 
carbon  group  type  to  the  overall  surface  concentration,  calculated 
on  the  basis  of  the  area  of  their  respective  peaks,  it  can  be  concluded 
that  pyridinic  and  quaternary  nitrogen  atoms  are  the  dominant 
surface  nitrogen  species,  while  C=N  and  graphitic  C=C/C— C  are 
prevalent  carbon  species  at  the  surface  of  all  carbonized  PANI  salts. 
The  ratio  of  C=N  to  graphitic  C=C/C-C  surface  carbon  content  is 
almost  the  same  for  all  investigated  carbonized  PANI  salts 
(19.8-22.6%  C  atoms  in  C=N  vs.  64.0-66.4%  C  atoms  in  C=C/C-C). 
It  is  important  to  note  that  the  surface  content  of  pyridinic  nitrogen 
is  higher  than  the  surface  content  of  quaternary  nitrogen  in  the  case 
of  C-PANI.SSA  (51.3  vs.  39.0%  N  atoms),  while  this  ratio  has  the 
opposite  trend  in  the  case  of  C-PANI  (35.0  vs.  40.9%  N  atoms)  and  C- 
PANI.DNSA  (40.9  vs.  50.6%  N  atoms). 

3.5.  Textural  parameters 

All  three  studied  materials  have  practically  the  same  specific 
pore  volume  regarding  the  pores  up  to  50  nm  in  diameter,  as  can  be 


seen  by  adding  VW  to  Vmeso  (amounting  to  roughly  0.205  cm3  g 
Table  2).  However,  individual  contribution  of  micropores  VmiJ 
(V^mic  +  Vmeso)  decreases  from  C-PANI.DNSA  (90%)  to  C-PANI  (66%) 
and  C-PANI.SSA  (63%)  [46],  Both  the  specific  surface  area  (estimated 
either  as  Stot  or  Sbet).  and  the  micropore  surface  area,  SmiC,  decrease 
also  in  the  order  C-PANI.DNSA  >  C-PANI  >  C-PANI.SSA.  It  is  impor¬ 
tant  to  note  that  all  three  materials  are  essentially  microporous,  but 
C-PANI  and  C-PANI.SSA  contain  also  a  significant  contribution  of 
mesopores  [46],  The  order  of  increase  of  l/meso  and  Smeso  is  opposite 
to  the  order  of  increase  of  VW  and  SmiC,  i.e.  the  highest  content  of 
mesopores  is  observed  for  C-PANI.SSA. 

The  results  acquired  so  far  unambiguously  reflect  the  influence 
of  different  molecular  and  supramolecular  structure  of  PANI 
precursors  containing  different  counter-ions  on  the  morphology, 
surface  elemental  composition,  surface  functional  groups,  pore 
structure  and  electrical  conductivity  of  PANI-derived  carbon 
nanomaterials. 

3.6.  Electrochemical  characterization  -  ORR  performance 

Structural,  morphological  and  textural  differences  of  investi¬ 
gated  N-containing  carbon  nanomaterials,  caused  by  the  differ¬ 
ences  in  molecular  structure  and  properties  of  corresponding  PANI 
salt  precursors,  are  reflected  in  their  different  capacitive  properties, 
as  observed  from  blank  cyclic  voltammograms  of  PANI-derived- 
nanocarbons-modified  GC  electrodes  in  a  nitrogen  purged 
0.1  mol  dm'3  KOH  solution  (Fig.  5).  The  differences  in  pseudoca¬ 
pacitance  observed  within  the  potential  limits  —0.25  to  -1  V  vs. 
SCE,  especially  in  the  potential  windows  between  -0.5  and  -0.25  V 
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Fig.  4.  Fitted  high-resolution  XPS  Cls  and  Nls  spectra  of  C-PANI,  C-PANI.DNSA  and  C-PANI.SSA 


V.  Gavrilov  et  al.  /  Journal  of  Power  Sources  220  (2012)  306—316 


311 


Table  2 

Textural  properties  of  studied  materials. 


C-PANI.SSA  C-PANI 


l/mic(cm3g  ')  0.128  0.138 

Smictnr'g-1)  360  388 

VmesotcmV1)  0.076  0.071 

SmesotmV1)  50  48 

Sbet  (m2g_1)  317  322 

Stot(m2g“1)  410  436 

VW(Vmic+  WsolTO  62.7  66.0 


C-PANI.DNSA 


0.185 

520 

0.020 

21 

441 

541 

90.2 


vs.  SCE,  as  well  as  between  -1  and  -0.75  V  vs.  SCE,  can  be  ascribed 
to  a  mutual  interplay  of  different  nitrogen  functionalities  incorpo¬ 
rated  into  the  material  surface  and  different  pore  sizes  in  these 
three  carbon  nanomaterials,  resulting  in  dissimilar  accessibility  of 
nitrogen  sites  under  electrochemical  conditions  [46], 

Corresponding  ORR  RDE  polarization  curves  in  02-saturated 
0.1  mol  dm-3  KOH  for  the  catalyst  loading  of  250  pg  cm-2  (Fig.  6), 
indicate  large  differences  in  ORR  activity  of  the  three  investigated 
PANI-derived  carbon  nanomaterials.  This  statement  holds  regard¬ 
less  on  the  rotation  rate.  The  ORR  activity  was  found  to  increase 
from  C-PANI.DNSA  via  C-PANI  to  C-PANI.SSA.  The  onset  potential 
for  02  reduction  for  C-PANI.DNSA  is  about  -0.22  V  vs.  SCE  and  the 
reduction  current  gradually  increases  with  more  negative  poten¬ 
tials.  RDE  curves  for  C-PANI  and  C-PANI.SSA  both  show  noticeably 
improved  behavior  compared  to  C-PANI.DNSA.  Enhanced  reduction 
kinetics  is  evident  in  the  more  positive  onset  potentials,  amounting 
to  -0.18  V  and  -0.15  V  vs.  SCE  for  C-PANI  and  C-PANI.SSA,  respec¬ 
tively.  This  is  a  first  indication  that  both  C-PANI  and  C-PANI.SSA 
present  excellent  electrocatalytic  materials  for  ORR  in  alkaline 
media.  Also,  higher  current  densities  for  ORR  at  a  given  rotation 
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Fig.  5.  Cyclic  voltammograms  of  PANI-derived-nanocarbon-modified  GC  electrodes  in 
N2  purged  0.1  mol  dirr3  KOH  (loading  500  pg  cm~2,  sweep  rate  20  mV  s_1). 


rate,  observed  for  the  last  two  materials,  imply  improved  kinetics 
pointing  to  a  higher  number  of  electrons  involved  in  02  reduction. 

The  RDE  data  were  processed  using  Koutecky-Levich  (K-L) 
analysis  [62],  It  presents  an  elegant  alternative  to  the  rotating 
ring-disk  technique,  allowing  the  determination  of  number  of 
electrons  consumed  per  02  molecule  (n),  giving  an  insight  into  the 
mechanism  of  ORR.  Number  of  electrons  is  determined  from  the 
slope  of  K-L  lines  defined  by: 

1  _  1  1  _  1  1  .  . 

j  ~  h  +k  ~  Ik  0 .62-n-f-JflP-v-W-taW-c  V- 

In  Eq.  (1  )j,jk  and  jd  are  the  measured  current  density,  kinetic 
current  density  and  the  limiting  diffusion  current  density. 
Furthermore,  v  presents  the  kinematic  viscosity  and  D  is  the 
diffusion  coefficient  of  diffusing  species  whose  concentration  is 
given  by  c.  Usual  literature  values  of  these  parameters  [63]  were 
used  for  the  K— L  analysis  based  on  Eq.  (1).  The  K— L  plots  of  02 
reduction,  measured  on  each  of  the  three  samples  (Fig.  6,  inset  top 
right),  display  linear  course  and  the  ordinate  intercepts  different 
than  zero,  suggesting  that,  for  all  three  materials,  in  the  entire 
potential  window,  the  02  reduction  process  is  under  mixed  kinetic- 
diffusion  control.  The  K— L  analysis  revealed  markedly  different 
catalytic  properties  of  the  three  investigated  carbon  nanomaterials. 
For  C-PANI.DNSA  K-L  analysis  showed  that  ORR  proceeds  through 
a  2e  pathway  (Fig.  6,  inset  bottom  right).  Based  on  this  result,  this 
material  can  be  considered  as  a  very  good  candidate  for  the  elec¬ 
trochemical  synthesis  of  hydrogen  peroxide  in  alkaline  solution 
[45],  If  we  look  at  the  other  two  samples,  the  value  of  n  is  higher 
than  2  (Fig.  6,  inset  bottom  right),  which  suggests  that  the  peroxide 
formed  is,  at  least  partly,  reduced  further  to  H20  (OH-).  The 
number  of  electrons,  n,  increases  with  the  decrease  of  the  electrode 
potential  for  both  C-PANI.SSA  and  C-PANI.  If  we  compare  C-PAN- 
I.SSA  to  C-PANI,  higher  n  was  found  at  all  potentials  for  C-PANI.SSA, 
as  expected  from  RDE  results  (Fig.  6).  This  makes  C-PANI.SSA  and  C- 
PANI  excellent  ORR  electrocatalysts  with  comparable  properties  to 
recently  reported  vertically  aligned  N-containing  carbon  nanotubes 
(NCNTs)  [36]  with  the  ORR  onset  potential  around  -0.15  V  vs.  SCE  in 
0.1  M  KOH  and  n  around  3  at  potentials  above  -0.8  V  vs.  SCE.  The 
NCNTs  prepared  in  various  ways  were  reported  to  display  ORR 
onset  potential  of  -0.1  V  vs.  Ag/AgCl  (-0.145  vs.  SCE)  electrode  in 
alkaline  solution  with  an  n  value  between  2.76  and  3.63,  depending 
on  the  preparation  mode  (n  was  calculated  for  E  =  —0.5  V  vs.  Ag / 
AgCl,  i.e.  -0.545  V  vs.  SCE)  [64],  The  results  obtained  here  are  also 
comparable  with  the  ones  for  NCNTs  synthesized  using  different 
aliphatic  diamines  as  nitrogen-carbon  precursor  solutions  [34], 
Onset  potentials  of  C-PANI.SSA  and  C-PANI  are  similar  or  better 
than  the  ones  of  NCNTs  synthesized  by  a  single  step  chemical  vapor 
deposition  technique  using  either  ferrocene  or  iron(II)  phthalocy- 
anine  as  catalyst  and  pyridine  as  the  carbon  and  nitrogen  precursor 
[39],  In  comparison  to  different  nanostructured  carbon  materials 
studied  by  Kruusenberg  et  al.  [64]  both  C-PANI.SSA  and  C-PANI 
display  onset  potentials  up  to  even  100  mV  more  positive,  with 
increased  number  of  electrons  consumed  per  02  molecule  in  the 
investigated  potential  window.  These  comparisons  demonstrate 
applicability  of  the  investigated  carbon  materials  in  low- 
temperature  fuel  cells  and  metal-air  batteries. 

The  methodology  applied  here  for  the  evaluation  of  catalyst 
activity  toward  ORR  activity  must  be  considered  with  the  effects  of 
catalyst  loading.  Subramanian  et  al.  [65]  emphasized  the  impor¬ 
tance  of  this  effect  in  the  case  of  carbon-based  nanocatalysts,  and 
this  effect  was  observed  in  the  present  study  in  the  case  of  PANI- 
derived  carbon  nanomaterials,  too.  Upon  doubling  catalyst 
loading  to  500  pg  cm-2  (see  Supporting  Information,  Fig.  S2),  in 
RDE  voltammograms  of  ORR,  compared  to  the  case  of  loading  of 
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of  electrons  (bottom  right). 


250  fig  cm-2,  three  distinct  effects  may  be  observed  for  all  three 
studied  materials  (Fig.  6):  (i)  ORR  onset  potential  shifts  toward 
more  positive  potentials,  (ii)  higher  ORR  currents  are  being 
measured  and  (iii)  the  number  of  electrons  consumed  per  O2 
molecule  increases,  as  found  by  I<—  L  analysis.  All  these  effects 
reveal  a  significant  improvement  of  electrocatalytic  activity  with 
increase  of  catalyst  loading  (see  Supporting  Information,  Fig.  S3  for 
detailed  discussion).  ORR  onset  potentials  measured  for  the  catalyst 
loading  of  500  gg  cm  2  amounted  to  -0.05,  -0.12  and  -0.1  V  vs. 
SCE  for  C-PANI.SSA,  C-PANI  and  C-PAN1.DNSA,  respectively.  The 
highest  onset  potential  was  evidenced  in  the  case  of  C-PANI.SSA, 
pointing  to  its  high  intrinsic  activity  toward  ORR.  The  increase  of 
catalyst  loading  yielded  to  increased  ORR  RDE  currents  and  number 
of  electrons  consumed  per  O2  molecule,  in  accordance  with  the 
previous  reports  [66], 

3.7.  Relationship  between  electrocatalytic  performance  and 
material  properties  and  new  insights  into  the  mechanism  of  ORR  on 
N-doped  carbon  nanomaterials 

The  overall  improvement  of  ORR  performance  can  be  correlated 
to  the  increase  of  both  the  total  surface  nitrogen  concentration  and 
the  content  of  pyridinic  nitrogen  functional  groups  (Table  1,  Section 
3.4).  The  improvement  effect  is  most  prominent  for  C-PANI.SSA, 
with  7.04  at.%  surface  nitrogen  atoms  (3.61  at.%  being  in  the  pyr¬ 
idinic  form),  which  displays  the  most  positive  onset  potential.  More 
negative  onset  potentials  of  C-PANI  and  C-PANI.DNSA  can  be 
attributed  to  lower  surface  nitrogen  content,  5.83  at.%  (2.04  at.%  in 
pyridinic  form)  and  5.5  at.%  (2.25  at.%  in  pyridinic  form),  respec¬ 
tively.  Interestingly,  C-PANI  has  a  more  positive  onset  potential 
despite  having  lower  pyridinic  nitrogen  fraction  than  C-PANI.DNSA, 
2.04  at.%  vs.  2.25  at.%.  Similar  discrepancies  have  previously  been 
ascribed:  i)  to  the  possible  changes  of  the  bulk  properties  of  NCNTs 
induced  by  nitrogen  incorporation  and  consequent  increase  in 
electronic  conductivities  [67,68],  ii)  to  the  possible  contribution  of 
active  N— C  functionalities  other  than  pyridinic  [69]  and  iii)  to  the 


enhanced  reactant  and  intermediate  adsorption  [37,70],  Although 
differences  in  electronic  conductivities  can  stand  in  favor  of  high 
ORR  activity  of  C-PANI.SSA,  practically  the  same  conductivities 
were  found  for  C-PANI  and  C-PANI.DNSA.  On  the  other  hand, 
significant  differences  are  found  in  the  pore  structure  of  studied 
materials.  Hence,  besides  desirable  nitrogen  surface  functionalities, 
total  surface  nitrogen  and  electrical  conductivity,  availability  of  the 
active  sites  must  be  assured  by  appropriate  pore  structure.  The 
results  suggest  that  a  high  degree  of  microporosity  of  C-PANI.DNSA 
[45,46]  hinders  the  electrochemical  response  of  this  material  in 
terms  of  ORR  activity  by  reducing  the  access  of  molecular  O2  to  the 
active  sites  within  micropores.  We  suspect  that  the  ORR  proceeds 
mainly  on  the  surface  of  carbon  particles  and  in  mesopores,  while 
reacting  species/products  of  ORR  very  slowly  reach  the  active  sites 
inside  micropores.  A  similar  conclusion  was  made  by  Kruusenberg 
et  al.  in  their  study  of  ORR  in  alkaline  media  (0.1  M  KOH)  on  GC 
electrode  modified  with  multiwalled  carbon  nanotubes,  carbon 
black  powder,  and  two  carbide-derived  carbons  [64],  Looking  at  the 
high  current  density  region  (Fig.  6),  it  is  clear  that  higher  surface 
nitrogen  content  leads  to  an  increase  of  current  densities  at  deep 
negative  potentials.  The  increased  nitrogen  content  was  correlated 
earlier  to  higher  limiting  ORR  current  densities  with  only  minor 
effect  on  the  ORR  in  the  kinetic  regime,  without  providing  textural 
characteristics  of  studied  materials  [71],  Nevertheless,  in  the  light 
of  the  importance  of  pore  structure  it  is  fairly  difficult  to  fully 
resolve  all  the  relevant  factors  governing  ORR  kinetics.  The  possi¬ 
bility  that  pore  size  can  reimburse  for  incorporation  of  nitrogen  in 
exterior  surface  layers  cannot  be  rejected.  In  order  to  demonstrate 
the  importance  of  both  nitrogen  incorporation  and  proper  textural 
characteristics  we  have  evaluated  mass  activities  (/mass)  at  the  high 
current  density  region  of  studied  materials  and  correlated  them 
with  certain  structural  and  textural  materials’  properties  (Fig.  7). 

As  one  may  see  (Fig.  7A),  there  is  an  almost  linear  correlation 
between  /mass  with  Smeso,  while  the  total  surface  nitrogen  content 
can  only  provide  a  good  overall  trend  (Fig.  7B).  As  already 
mentioned,  there  is  a  certain  discrepancy  between  the  content  of 
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Fig.  7.  Correlation  of  mass  activities  (/mass.  Ag"1)  derived  from  K-L  analysis  with 
structural  and  textural  characteristics  of  studied  N-doped  PANI-derived  carbon 
nanomaterials. 


surface  pyridinic  nitrogen  (N-6)  functionalities  (Fig.  7C),  considered 
to  be  of  crucial  importance,  and  ORR  performance.  However,  when 
one  considers  both  the  mesopore  surface  area  and  the  total  nitrogen 
content  (or  N-6  surface  content)  very  good  correlations  with  /mass 
are  obtained  (Fig.  7D,  E).  This  supports  the  conclusion  derived 
earlier:  in  order  to  achieve  high  ORR  activity,  active  sites  formed  by 
nitrogen  incorporation  must  be  available  to  O2  which  can  be  made 
possible  by  appropriate  pore  structure.  The  actual  mechanism  of 
ORR  acceleration  by  N-dopant  is  still  open  to  discussion,  especially 
due  to  the  interplay  between  textural  properties  and  nitrogen 
surface  functionalities,  being  rather  hard  for  separate  investigation. 
However,  two  roles  of  action  of  N-dopant  are  anticipated:  i) 
enhanced  charge  transfer  kinetics  and  ii)  altered  energetics  of 
interaction  of  reactive  species  and  intermediates  for  ORR. 

The  effect  of  catalyst  loading,  demonstrated  here  and  in  the 
previously  published  paper  [62],  favors  an  interesting  view 
regarding  the  actual  mechanism  of  ORR  on  non-noble  metal  cata¬ 
lysts.  Namely,  an  increase  in  the  apparent  number  of  electrons 
consumed  per  O2  molecule  can  be  considered  as  a  consequence  of 
the  catalyst  layer  thickness  which,  if  enlarged,  may  enhance  the 
probability  of  peroxide  transformation  to  water  [66].  Nevertheless, 
here  we  deal  with  materials  of  similar  density  but  rather  different 
morphology,  pore  structure  and  with  various  relative  contents  of 
nitrogen  surface  functional  groups.  In  agreement  with  the  earlier 
works  [37,72],  it  can  reasonably  be  assumed  that  O2  is  being 
effectively  reduced  through  a  “pseudo”  4-electron  pathway.  If  such 
a  mechanism  is  effective,  O2  is  electrochemically  reduced  to  HO2  on 
the  surface  N-functionalities  (most  likely  pyridinic,  as  commonly 
proposed  [38,65]),  followed  by  a  catalytic  regenerative  process  in 
which  HO2  intermediate  is  chemically  disproportionated  to  the 


species  OH-  and  O2.  We  suggest  that  if  the  material  is  highly 
microporous,  O2  may  be  reduced  to  HO2  on  the  surface  of  carbon 
nanoparticles  but  not  in  the  micropores  and,  under  the  conditions 
of  increased  mass  transport  rate  operating  in  an  RDE  experiments, 
HO2  is  quickly  removed  from  the  electrode  surface,  resulting  in 
apparent  2-electron  reduction.  If  the  material  has  appreciable 
contribution  of  mesopores,  HOJ  is  being  formed  in  the  mesopores 
too,  and  increased  mass  transfer  rate  has  a  lesser  effect  on  the 
removal  of  intermediately  formed  HO2 ,  allowing  more  time  for  the 
chemical  step  of  HO2  disproportionation  to  OH-  and  O2  to  take 
place  within  the  pores.  Furthermore,  chemically  formed  O2  can 
further  undergo  the  electrochemical  reduction,  leading  to  an 
increase  in  the  apparent  number  of  electrons  above  2.  In  the  case  of 
metal-doped  NCNTs,  HO2  disproportionation  was  confirmed  to  be 
catalyzed  by  metal  particles  [72],  However,  we  believe  that  surface 
functional  groups  in  metal-free  N-containing  carbon  nanomaterials 
can  also  provide  similar  action  improving  ORR  kinetics  and  raise 
the  apparent  number  of  electrons  consumed  per  02  molecule  above 
2.  An  enlarged  catalyst  loading  can  act  in  the  same  way  as  a  suitable 
pore  size:  a  densely  loaded  catalyst  can  trap  O2  formed  upon 
disproportionation  step  within  interparticle  voids  (even  in  the  case 
of  microporous  material)  and  provide  improved  ORR  kinetics  with 
a  higher  number  of  electrons  consumed  per  O2  molecule.  To 
summarize,  different  apparent  number  of  electrons  consumed  per 
O2  and  improved  ORR  kinetics  by  use  of  either  specific  carbon 
materials  or  specific  carbon  layers  thickness  does  not  necessarily 
mean  the  change  in  the  mechanism  of  ORR.  Namely,  the  changes  in 
number  of  electrons  might  be  invoked  by  textural  properties  of 
carbonaceous  material  and  the  catalyst  layer  thickness.  This 
becomes  rather  important  when  catalytic  activity  trends  have  to  be 
established  for  different  materials.  Theoretical  calculations  and 
detailed  in  situ  research  of  surface  reactions  is  needed  to 
completely  reveal  the  mechanism  of  oxygen  reduction  on  nitrogen- 
rich  carbons  and  the  mechanism  of  ORR  acceleration  in  the  pres¬ 
ence  of  N-dopant. 

3.8.  Relationship  between  material's  capacitance  and  ORR 
performance 

The  factors  governing  the  ORR  activity  of  a  particular  material 
present  the  topic  of  active  scientific  debate.  For  example,  the 
activity  of  Pt-based  electrocatalysts  for  ORR  has  been  considered  to 
be  determined  by  the  onset  of  the  surface  oxidation  process  which 
stops  ORR  on  these  materials  [73],  Here  we  have  explained  large 
differences  in  ORR  activity  of  three  studied  N-containing  nano¬ 
carbon  materials  by  their  textural  differences  and  the  presence  of 
different  surface  nitrogen  functional  groups.  Nevertheless,  these 
three  materials,  besides  excellent  ORR  activity,  have  the  exceptional 
capacitive  properties  with  gravimetric  capacitances  ranging  from 
-120  Fg"1  (C-PANI.DNSA)  to  -400  Fg"1  (C-PANI.SSA)  in  6  M  KOH 
[46],  We  believe  that  the  build-up  of  the  electrical  double  layer 
(EDL)  in  ORR  experiments  during  potentiodynamic  cycling  cannot 
be  considered  separately  from  the  ORR  taking  place  on  the  elec¬ 
trode  material. 

In  order  to  establish  these  effects  in  a  qualitative  manner  we 
have  analyzed  blank  cyclic  voltammograms  of  C-PANI.SSA  and  C- 
PAN1.DNSA  recorded  at  different  sweep  rates  (10,  50  and 
lOOrnVs-1)  and  normalized  by  a  matching  sweep  rate  (f/v)  and 
corresponding  background-corrected  ORR  RDE  currents  recorded 
at  10  and  50  mV s-1  (Fig.  8).  This  experiment  was  not  intended  to 
provide  ORR  kinetic  parameters  but  to  ascertain  the  effect  of  EDL 
build-up  on  ORR  activity  under  different  potentiodynamic  condi¬ 
tions.  The  first  noticeable  difference  observed  when  comparing 
normalized  blank  cyclic  voltammograms  of  C-PANI.SSA  and  C- 
PAN1.DNSA  is  much  smaller  difference  between  f/v  curves  upon 
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Fig.  8.  Blank  cyclic  voltammograms  of  C-PANI.SSA  (top)  and  C-PANI.DNSA  (bottom)  modified  GC  electrode  in  0.1  M  KOH  recorded  at  different  sweep  rates  (10,  50  and  100  mV  s_I) 
and  normalized  by  a  matching  sweep  rate  (7/v)  and  corresponding  background-corrected  ORR  RDE  currents  recorded  at  10  and  50  mV  s  '  (rotation  rate  600  rpm,  catalyst  loading 
250  pg  cm  2).  On  the  right  hand  side  a  qualitative  model  describing  blockage  of  ORR  active  sites  is  depicted.  ORR  can  take  place  on  non-blocked  sites  whose  number  is  reduced  if  the 
electrode  potential  is  swept  slowly. 


changing  the  sweep  rate  in  the  case  of  C-PANI.SSA  (Fig.  8,  top).  As 
expected,  increased  capacitance  is  measured  upon  reducing  sweep 
rate  due  to  more  time  provided  for  ion  diffusion  inside  meso-  and 
micropores  during  EDL  build-up  [74],  In  contrast,  the  capacitance  of 
C-PANI.DNSA  displays  enormous  increase  upon  reducing  sweep 
rate  from  100  mV s~ 1  to  10  mV s  '.  Such  a  large  difference  is  due  to 
the  difference  in  textural  properties  of  the  two  materials,  and  the 
observed  large  increase  of  capacitance  for  C-PANI.DNSA  is  caused 
by  the  involvement  of  a  large  volume  of  micropores  and  slow  EDL 
build-up.  Simultaneously  with  the  capacitance  increase  caused  by 
the  decrease  in  sweep  rate,  upon  sweep  rate  was  reduced  from 
50  mV  s_1  to  10  mV  s  ',  we  observed  both  the  decrease  of  ORR 
onset  potential  and  the  drop  in  ORR  currents  in  the  high  over¬ 
voltage  region.  This  might  seem  contradictory  to  the  earlier 
proposed  “pseudo"  4-electron  pathway.  Namely  one  may  reason¬ 
ably  expect,  if  electrode  spends  more  time  under  polarization  at 
which  ORR  takes  place,  large  amounts  of  HO2  are  dis- 
proportionated  to  O2,  which,  entering  the  next  charge  transfer  step, 
should  enlarge  n  above  2.  This  controversy  may  be  understood,  i.e. 
resolved,  in  terms  of  EDL  charging.  Namely,  during  a  slow  potential 
sweep,  more  charge  accumulates  inside  the  EDL  (Fig.  8),  that  blocks 
catalytically  active  sites  and  attenuates  ORR,  as  actually  observed. 
This  agrees  with  the  fact  that,  in  the  potential  region  of  ORR 
emergence,  the  ORR  onset  potential  shifts,  and  ORR  current  drops, 
simultaneously  with  the  enlargement  of  the  capacitive  current  (in 
Fig.  8,  this  behavior  is  illustrated  by  arrows).  Interactions  respon¬ 
sible  for  such  behavior  are  pseudocapacitive  interactions  between 
the  positively  charged  potassium  cat  ions  and  the  nitrogen  atoms  in 
carbonaceous  electrode  material,  considered  to  be  highly  liable 


according  to  Hulicova  et  al.  [75].  In  addition,  a  more  pronounced 
effect  is  observed  in  the  case  of  C-PANI.SSA,  although  large  changes 
of  f/v  curves  in  the  case  of  C-PANI.DNSA  might  point  the  other  way. 
This  can  be  explained  by  the  different  textural  characteristics  of 
these  two  materials  yet  again.  In  the  case  of  C-PANI.SSA,  both  EDL 
charging  and  ORR  are  enabled  to  take  place  on  the  nanoparticle 
surface  and  in  mesopores,  too.  However,  in  the  case  of  highly 
microporous  C-PANI.DNSA,  upon  reduction  of  sweep  rate,  enlarged 
amount  of  the  EDL  charge  accumulates  within  the  hardly  accessible 
micropores,  causing  //v  curves  to  increase,  while  ORR  takes  place 
predominantly  on  the  outer  nanoparticle  surface.  It  is  interesting  to 
note  that  Strmcnik  et  al.  [76]  explained  differences  in  ORR  activity 
of  Pt  (111)  electrode  surface  in  different  electrolytes  (0.1  M  LiOH, 
NaOH,  KOH  and  CsOH)  by  the  non-covalent  interactions  between 
hydrated  alkali  metal  cations  M+(H20)x  and  adsorbed  OH  species 
which  block  active  sites  for  ORR.  We  believe  that  similar  effects  are 
operative  here,  but  they  were  invoked  by  changing  the  conditions 
of  the  potentiodynamic  experiment,  instead  of  changing  the  sup¬ 
porting  electrolyte. 

4.  Conclusions 

High  diversity  in  the  pore  structure,  total  surface  nitrogen 
content,  and  surface  functional  groups  were  evidenced  for  three 
studied  carbonized  PANI  nanomaterials,  denoted  as  C-PANI,  C- 
PANI.DNSA,  and  C-PANI.SSA.  These  materials  displayed  quite 
different  electrocatalytic  properties  toward  ORR,  with  the  apparent 
number  of  consumed  electrons  per  O2  molecule  (n)  between  2  and 
~3.7.  The  large  positive  impact  of  the  catalyst  loading  on  the 
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electrocatalytic  activity  was  evidenced,  resulting  in  the  shifting  of 
the  ORR  onset  potential,  the  number  of  electrons  n,  as  well  as  the 
ORR  currents  toward  higher  values.  At  the  catalyst  loading 
amounting  to  250  pg  cm-2,  among  the  three  materials  studied,  C- 
PAN1.SSA  nanorods/nanotubes  displayed  both  the  highest  onset 
potential,  —0.15  V  vs.  SCE,  and  the  highest  number  of  electrons, 
3—3.5,  at  potentials  -0.6  and  -0.8  V  vs.  SCE,  respectively.  At  the 
catalyst  loading  amounting  to  500  jig  cm  2,  the  ORR  onset  potential 
for  the  same  material  increased  to  -0.05  V  vs.  SCE.  The  electro- 
catalytic  activity  of  investigated  carbonized  PANI  nanomaterials 
toward  ORR  in  alkaline  media  was  found  to  increase  in  the 
following  order:  C-PAN1.DNSA  <  C-PANI  <  C-PANI.SSA.  The 
observed  electrochemical  behavior  of  studied  materials  was 
explained  in  terms  of  “pseudo”  4-electron  ORR  pathway,  in  which 
O2  is  initially  electrochemically  reduced  in  a  2-electron  process  to 
form  HO2  intermediate,  which  then  undergoes  further  chemical 
disproportionation  to  form  OH”  and  O2.  The  presence  of  mesopores 
in  the  carbonized  PANI  nanomaterials  allows  ORR  to  take  place 
inside  the  pores,  where  mass  transfer  is  reduced  and  more  time  is 
available  for  chemically  formed  O2  to  undergo  charge  transfer. 
Within  the  frames  of  the  actual  mechanism  of  ORR  on  carbona¬ 
ceous  material,  this  leads  to  enlarged  apparent  number  of  electrons 
involved  in  ORR.  The  best  ORR  performance  found  for  C-PANI.SSA  is 
explained  by  the  highest  fraction  of  mesopores,  the  highest  content 
of  total  surface  nitrogen  (7.04  at.%)  and  the  highest  surface  content 
of  pyridinic  nitrogen  functional  groups.  There  are  also  strong 
indications  that  ORR  performance  estimated  under  potentiody- 
namic  conditions  is  affected  by  the  state  of  the  electrical  double 
layer  of  carbonized  PANI  electrodes. 

We  have  demonstrated  here  that  the  application  of  different 
nanostructured  PANI  salts  as  precursors  for  synthesis  of  nitrogen- 
containing  carbon  nanomaterials  can  provide  materials  with  quite 
different  physico-chemical  and  electrocatalytic  properties.  This 
opens  new  perspectives  in  the  fabrication  of  a  series  of  N-con- 
taining  carbon  nanomaterials  with  exceptional  electrode 
characteristics. 
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